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Neutron Spin Echo has significantly extended the (Q,E) range to which
neutron scattering can be applied



The Underlying Physics of Neutron Spin Echo (NSE)
Technology is Larmor Precession of the Neutron’s Spin

 The time evolution of the expectation value of the spin of a

spin-1/2 particle in a magnetic field can be AR
determined classically as: <
‘;—f:gwé P w,=[g|B S

=-2913*2p Gauss t.s!

« The total precession angle of the spin, f, depends on the time
the neutron spends in the field: f =wt

B(Gauss) w, (10%rad.s?) N (msec) Turns/m for
4 A neutrons

10 183 29 ~29




How does a Neutron Spin Behave when the
Magnetic Field Changes Direction?

When H rotates with
frequency w, H,->H,
->H,..., and the spin
trgectory is described
by aconerolling on the
planein whichH moves

b)

Distinguish two cases: adiabatic and sudden

Adiabatic — tan(d) << 1 — large B or small w — spin and field
remain co-linear — this limit used to “guide” a neutron spin

Sudden - tan(d) >> 1 — large w — spin precesses around new
field direction — this limit is used to design spin-turn devices



Larmor Precession allows the Neutron Spin to be
Manipulated using Spin-Turn Colls (p or p/2)

« The total precession angle of the spin, f, depends on the time
the neutron spends in the B field

f =w t=0Bd/v

— 0

T Neutron velocity, v

.

b B

Number of turns = - 5.B[Gauss] d[cm].| [ Angstroms]



Thin Magnetic Films used as p/2 and p Rotators
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30 mPermalloy (Ni, 4 Fe, ,) Films on Silicon
Wafers used as Spin Turn Devices
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In NSE*, Neutron Spins Precess Before and After Scattering & a
yI Polarization Echo is Obtained if Scattering is Elastic

= p/2 P2 =

O EmEe o

e 11
Allow spinsto _ Rotate spins
Initially, precess around Z: Elastic to 7z and
neutrons slower neutrons Scattering Mmeasure
are polarized precess further over Event polarization
along z afixed path length
Rotate spins into Rotate spins Allow spinsto precess
x-y precession plane  Tougn pabout - around z: precession angle
X aXIS of al neutronsisthe same
Final Polarization, P = (cos(f; - f ,)) at echo point if DE =0

* F. Mezei, Z. Physik, 255 (1972) 145



For Quasi-elastic Scattering, the Measured
Neutron Polarization depends on Energy Transfer

 If the neutron changes energy when it scatters, the precession
phases before & after scattering, f, & f,, will be different:

usng Aw :%m(vf - V5) » mvdv

e 0 2
£ f, =B i_ii»ngddV»gBthW:g_%dmI;\N
Vi Vog V mv 2ph

 To lowest order, the difference between f, & f, depends only
onw (l.e.v,—V,) &not on v, & v, separately

 The measured polarization, <P>, is the average of cos(f, - f.)
over all transmitted neutrons l.e.

Ip)- @ ( )S(Q,w) cos(f ; - f ,)dl dw
! (1 )S@Qw)dl dw




Neutron Polarization is Measured using an
Assymetric Scan around the Echo Point

df)ﬂ )S(Q,w)cos(f ; - f,)dl dw

(P} )G dn [ CP(Quw) costut )aw )= 1)
, Bd | t
where the" spin echotime” t = gBd —- -1 (T.m) (hm) (ns)
2ph 1 0.4 12
1 0.6 40
200 1 1.0 186

Neutron counts ( per 50 sec)

The echo amplitude decreases
when (Bd), differs from (Bd),
because the incident neutron
beam IS not monochromatic.
For elastic scattering:

(P)~ () cosgT{(Ba), - (Ba)} yo



What does a NSE Spectrometer Look Like?
IN11 at ILL was the First




Field-Integral Inhomogeneities cause t to vary
over the Neutron Beam: They can be Corrected

e Solenoids used as main precession fields have fields that

vary as r2 away from the axis of symmetry because of end
effects (div B = 0)

e According to Ampere’s law,
a current distribution that
varies as r 2 can correct
the field-integral inhomog-
eneities for parallel paths

e Similar devices can be used
to correct the integral along
divergent paths

Fresnel correction coil for IN15
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Neutron Spin Echo study of Deformations

of Spherical Droplets*
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* Courtesy of B. Farago




he Principle of Neutron Resonant Spin Echo

. : . : Bo

Within a coll, the neutron is subjected to a

steady, strong field, B,, and a weak rf field
B,cos(wt) with a frequency w = w, = gB, B,(t)

Typically, B,~100Gand B, ~1G

In a frame rotating with frequency w,, the neutron spin sees a
constant field of magnitude B,

The length of the coil region is chosen so that the neutron spln
precesses around B, thru an angle p. 7

The neutron spin angle changes by
2wWt, + wd/v




Neutron Spin Phases in an NRSE Spectrometer*
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Table 1. Spin orientation
Time t Phase field B, neutron Spin phase S EChO occurs for el | i C
ta wia 0 scattering when
tar =ta+ ¢ wi 47 2wts +wd | +d=1-+d
lp=ta—+ @ witp 2wt 4 +w% AB CD
tgr =ta + lABv+2d wit g 2wlA1i’+d
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tp =to + et 2u(lastd _ loptd) * Courtesy of S. Longeville




The Measured Polarization for NRSE Is given by
an Expression Similar to that for Classical NSE

e Again, we assume that v’ = v + dv with dv small and expand to
lowest order, giving:

@ (1)S(Qw) cosint yree)dl dw

(P) —
@y (1 )S@Qw)d! dw

m2|3

2ph?
* Note the additional factor of 2 in the echo time compared with
classical NSE (a factor of 4 is obtained with “bootstrap” rf coils)

 The echo is obtained by varying the distance, |, between rf coils

* In NRSE, we measure neutron velocity using fixed “clocks” (the
rf coils) whereas in NSE each neutron “carries its own clock”

whose (Larmor) rate is set by the local magnetic field

where the" spin echo time" t \re = 208, (1 +d)



An NRSE Triple Axis Spectrometer at HMI:
Note the Tilted Coils




Measuring Line Shapes for Inelastic Scattering

>

Spin echo polarization is the FT of W

scattering within the spectrometer — )— [ =

transmission function

An echo is obtained when 4@_,(2 —
d €(Bd), (Bd),u_ N, _ Ny

é ) U= 0P 2 .2
dk & Ky Ko ki K

Normally the lines of constant spin-
echo phase have no gradient in Q,w
space because the phase depends
only on ‘k‘

The phase lines can be tilted by using
“tilted” precession magnets




By “Tilting” the Precession-Field Region, Spin Precession Can Be
Used to Code a Specific Component of the Neutron Wavevector

If a neutron passes through a T d T K

rectangular field region at an
angle, its total precession phase c K.

will depend only on K.. /
w, =08 /

d _ KBd Ps
vanc K. I N

K

f =w t=0B

| Stop precession here
— -1
with K = 0.291 (Gauss.cm.A) Start precession here



“Phonon Focusing”

« For a single incident neutron wavevector, k,, neutrons are
scattered to ke by a phonon of frequency w, and to k; by
neighboring phonons lying on the “scattering surface”.

 The topology of the scattering surface is related to that of the
phonon dispersion surface and it is locally flat

* Provided the edges of the NSE precession field region are
parallel to the scattering surface, all neutrons with scattering
wavevectors on the scattering surface will have equal spin-echo
phase

scattering surface

4
Precession field region



“Tilted Filelds”

 Phonon focusing using tilted fields is available at ILL and in
Japan (JAERI)....nowever,

* The technique is more easily implemented using the NRSE
method and is installed as an option on a 3-axis spectrometers
at HMI and at Munich

 Tilted fields can also be used can also be used for elastic
scattering and may be used in future to:
— Increase the length scale accessible to SANS
— Separate diffuse scattering from specular scattering in reflectometry
— Measure in-plane order in thin films
— Improve Q resolution for diffraction



An NRSE Triple Axis Spectrometer at HMI:
Note the Tilted Coils




Nanoscience & Biology Need Structural
Probes for 1-1000 nm

AB3AIE S5.6K XESOK 1EBma

10 nm holesin PMMA

Actin

S colloidal crystal Structures over many length Thin copolymer films
scales in self-assembly of
ZnS and cloned viruses



“Tilted” Fields for Diffraction: SANS
/

&\
- NP "

* Any unscattered neutron (g=0) experiences the same precession angles
(f, and f ) before and after scattering, whatever its angle of incidence

» Precession angles are different for scattered neutrons

KBd KBd eKBd cosc U
f,= and f, = P cos(f,-f co
1" ksnc 2 an(c +q) . ONarTe) >0 e A
KBd cosc i 74t i
P = (JQS(Q).co Qu Polar!zatlon proportional to
ekZsn? 0 Fourier Transform of Q)

Spin Echo Length, r = KBdcosc /(ksinc)?




How Large Is the Spin Echo Length for SANS?

Bd/sinc I C r
(Gauss.cm) | (Angstroms) | (degrees) | (Angstroms)
3,000 4 20 1,000
5,000 4 20 1,500
5,000 6 20 3,500
5,000 6 10 7,500

It isrelatively straightforward to probe length scales of ~ 1 micron



Using “Sign Reversal” to Implement Angle Coding

An element that performs a p rotation about an axis in the precession plane
changes the sign of prior precession angles

J/

VA Y4

precession plane

f =0, f o F ).

neutropi fl\/le/ fs] Ta /15 / f6‘>
A A

Stat P P P P P /‘

precession
Net Precession = -

fo+f,—f +f,—fc+1,

Total net precessionangle = (f, +fo +f,) - (f, +f,+f;) +2(f,—f.)

The first two terms depend on neutron velocity only, last term depends on
velocity and angle of neutron trajectory

— Requires suitably oriented planar p rotators (flippers)
Can be set up to encode two, mutually perpendicular, trajectory angles



Conclusion:
NSE Provides a Way to Separate Resolution from
Monochromatization & Collimation

The method currently provides the best energy resolution for
Inelastic neutron scattering (~ neV)

— Both classical NSE and NRSE achieve ssmilar energy resolution

— NRSE ismore easily adapted to “phonon focusing”

The method is likely to be used in future to improve (Q)
resolution for elastic scattering
— Extend size range for SANS (“rescue’ scattering from the beam-stop region)
— May alow 100x gain in measurement speed for SANS
— Separate specular and diffuse scattering in reflectometry
— Measure in-plane ordering in thin films (Felcher)



